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SUMMARY

The contribution of serotype-speci®c IgG concentration, subclasses, and avidity to opsonophagocytic

activity (OPA) against Streptococcus pneumoniae (Pnc) was evaluated in sera of adults and infants

immunized with different pneumococcal vaccines. Antibody concentrations and avidities were

measured by enzymeimmunoassay (EIA) and OPAs by killing assay of Pnc. The most important

factor contributing positively to OPA was the speci®c IgG level. In infants, a tendency to negative

correlation was found between the concentration needed for killing of bacteria and avidity, suggesting

that less antibodies of high rather than low avidity were required for killing. No such correlation was

seen in adults. However, in adults the avidity was high already before vaccination and the variation was

narrow. Thus, avidity was probably not a limiting factor in¯uencing OPA. The effect of IgG2/IgG1 ratio

on OPA was mostly negative but insigni®cant.
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INTRODUCTION

Polysaccharide (PS) protein conjugate vaccines against Strepto-

coccus pneumoniae (Pnc) have proved to be immunogenic in

infants [1±6]. Moreover, they are able to induce immunological

memory [2,4±6], production of different isotypes [7,8], as well as

af®nity maturation of antibodies [9,10]. In addition to humoral

response, they elicit mucosal response [11,12] and reduce naso-

pharyngeal carriage of vaccine serotypes [13,14]. A lot of immu-

nogenicity data of pneumococcal conjugate vaccines have been

reported [1±6], and ef®cacy trials are now underway.

No data are available on the correlates or surrogates of

protective immune response in humans to conjugate vaccines

against Pnc. The possibility of correlating serological data with

protection would have great practical value in permitting vaccine

ef®cacy to be predicted on the basis of serological studies. Ef®cacy

trials, in which pneumococcal conjugate vaccines are tested for

their protective ef®cacy against invasive infections, pneumonia,

acute otitis media, and carriage in infants, are ongoing. One of the

objectives of these trials is to determine the most reliable labora-

tory correlates of protection against pneumococcal diseases.

Host protection against Pnc is mainly mediated by opsonin-

dependent phagocytosis [15]. Therefore, opsonophagocytic activity

(OPA) of antibodies to pneumococcal capsular polysaccharides

(PS) is believed to measure their functional activity and thus may

represent a better surrogate of in vivo protection than the com-

monly used antibody concentration. Components that contribute to

OPA are the quantitative and qualitative characteristics of anti-

bodies, such as antibody concentration, isotype, and avidity. In this

study, the contribution of serotype-speci®c IgG concentration,

subclasses, and avidity to OPA against Pnc types 6B, 19F, and

23F was evaluated in sera of adults and infants immunized with

different pneumococcal vaccines.

SUBJECTS AND METHODS

Vaccines

PncD (Pasteur-MeÁrieux Connaught, Swiftwater, PA) and PncT

(Pasteur MeÁrieux Connaught, Marcy l'Etoile, France) were tetra-

valent pneumococcal conjugate vaccines containing 10 mg of type

6B, 14, 19F, and 23F capsular PS conjugated to either diphtheria

or tetanus toxoid. PncCRMos and PncCRMps (Wyeth Lederle

Vaccines and Paediatrics, West Henrietta, NY) were, respectively,

penta- and heptavalent conjugate vaccines, the former containing

10 mg of type 6B, 14, 18C, 19F and 23F oligosaccharides (OS) and

the latter containing 2 mg of type 4, 9V, 14, 19F and 23F capsular

PS, 2 mg of 18C OS, and 4 mg of type 6B PS conjugated to

non-toxic variant of diphtheria toxin CRM197. Pneumovax

(Pasteur-MeÁrieux Connaught) and PNU-IMMUNE (Wyeth

Lederle Vaccines and Paediatrics) were commercial 23-valent
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pneumococcal PS vaccines (PncPS) containing 25 mg of each

capsular PS.

Vaccinees and sampling

Healthy adults were immunized in consecutive, clinical trials

[8,11] with one of the three different pneumococcal conjugate

vaccines: PncD (n� 12), PncT (n� 10), and PncCRMos (n� 10).

Blood samples were obtained before (day 0) and 1 month after

vaccination (day 28). Sera were stored at ÿ208C until testing. The

sera obtained from adults immunized with Pneumovax (n� 10)

were provided by Dr D. Goldblatt (Institute of Child Health,

University of London, UK). Blood samples were taken before

and 4±8 weeks after vaccination. Sera were lyophilized and stored

at 48C. After dissolving, the sera were stored at ÿ708C until

testing. For analyses, data obtained from adults immunized with

different pneumococcal vaccines were combined (n� 42). Before

combination it was assured that the relationship between different

serological parameters was similar in different vaccine groups.

Infants (n� 16) were immunized at 2, 4 and 6 months of age

with PncCRMps and boosted at 15 months with the homologous

conjugate or a PS vaccine (PNU-IMMUNE) [10]. Blood samples

were obtained at 7, 15 and 16 months of age. Infants boosted either

way were retained as one group. Although the avidities between

the infants boosted by conjugate or PS vaccine differed, as shown

previously [10], the contributions of various factors on OPA were

alike. Therefore, combination of the groups was assumed not to

interfere with the interpretation of the results.

Enzymeimmunoassay for total anti-Pnc PS IgG

Concentrations of IgG antibodies to pneumococcal polysaccharides

were measured by enzymeimmunoassay (EIA) method described

previously [2]. The results are given as mg/ml calculated on the basis

of the of®cially assigned IgG values of the 89-SF reference serum [16].

EIA for anti-Pnc PS IgG1 and IgG2 antibodies

Concentrations of anti-Pnc PS IgG1 and IgG2 antibodies (mg/ml)

were measured by EIA method described by Soininen et al. using

assigned IgG1 and IgG2 values of 89-SF standard [17]. IgG

subclasses were detected by mouse MoAbs to human IgG1 (clone

HP6070) and IgG2 (clone HP6002; Zymed Labs, San Francisco, CA)

followed by alkaline phosphatase-conjugated rabbit anti-mouse anti-

body (Jackson ImmunoResearch Labs, West Grove, PA). Reactions

were developed by p-nitrophenyl phosphate (Sigma, St Louis, MO),

and optical densities (OD) were read at 405 nm.

EIA for the avidity of anti-Pnc PS antibodies

The relative avidity of IgG antibodies to capsular PS of Pnc was

determined by EIA method described by Anttila et al. [9]. The

assay was based on dissociation of antibody±antigen complexes by

0´5 M sodium thiocyanate (NaSCN). Of each sample, series with

and without NaSCN treatment were made. Results were expressed

as avidity index (AI), assigned as percentage of antibodies that

remained bound to the antigens after thiocyanate treatment. AI was

calculated by dividing end-point titre (OD 0´5 as the cut-off value)

of the serum sample with NaSCN treatment by end-point titre of

the sample without NaSCN treatment and by multiplying this by

100. The reproducibility of the assay was checked by including a

control serum into each plate.

Opsonophagocytosis assay

Opsonophagocytic activity of serum antibodies was determined by

measuring the killing of live pneumococci by fresh human poly-

morphonuclear leucocytes (PMNL) in the presence of antibody and

complement. A modi®cation of the method described by Romero-

Steiner et al. was used [18]. Instead of differentiated HL-60 cells,

PMNL were used. The cells were isolated from the peripheral

blood of healthy adult volunteers by dextran sedimentation and

Ficoll±Paque density gradient centrifugation. OPAs were

expressed as titres: OPA is the reciprocal of the serum dilution

with 50% killing compared with the bacterial growth in the

controls which contain no serum. Sera with undetectable OPAs

were reported as a titre 4, titre of 8 being the detection limit. The

reproducibility of the assay was checked by including a control

serum into each plate. To accept a run, the opsonophagocytic titre

of the control serum had to be within 6 1 dilution of the mean titre,

dilution factor being 1:2 [18]. When the exact titres of the control

were calculated for the accepted runs performed during the years

1997±98 (n� 55, 16, or 10 for 6B, 19F, and 23F, respectively), the

coef®cient of variance was # 30% for all the serotypes.

Streptococcus pneumoniae serotypes 6B, 19F and 23F

(reference strains received from CDC, Atlanta, GA) were grown

in Todd±Hewitt broth (THB) supplemented with 0´5% yeast

extract and kept frozen (±708C) in aliquots in THB with 15%

glycerol. Highly encapsulated strains were used. The encapsulation

was judged by the quellung test [18], and by preincubating the sera

with pneumococcal cell wall PS (CPS) to neutralize the antibodies

to CPS. The encapsulation of the strains seemed to be thick enough

to prevent the access of anti-CPS to CPS because, in these

preliminary tests, no difference was found in OPAs of the sera

whether or not neutralized by CPS.

Statistical analysis

The relationship between different factors was evaluated by

correlation analysis and contribution of IgG concentration, IgG2/

IgG1 ratio, and avidity to OPA was determined by multiple

regression analysis. While performing the analyses, pre- and

post-vaccination sera of adults and sera of infants taken at different

time points were retained separately due to their dependency on

each other. The minimum concentration needed for 50% killing of

bacteria was calculated by dividing the total IgG concentration of a

sample by the opsonophagocytic titre. This was done only for the

samples with detectable opsonic activity. Samples obtained at

15 months were excluded from the comparison of concentration

required for killing versus avidity because very few of them had

detectable OPAs (e.g. three out of 16 for 6B). Student's t-test was

used to compare the respective concentrations needed for killing in

post-vaccination sera of adults and in 7- and 16-month sera of

infants strati®ed into two groups by low or high antibody avidity

(AI < 60 and AI > 60). AI 60 was used as a limit for division to

obtain as similar a number of subjects as possible into the strati®ed

groups. Again, prevaccination sera of adults and 15-month sera of

infants were excluded due to the small number of active sera. In all

statistical analyses log transformed data of concentrations and

OPAs were used.

RESULTS

Adults immunized with pneumococcal vaccines responded with

rises in total IgG, IgG1 and IgG2 levels, as well as in opsonopha-

gocytic activities of antibodies to pneumococcal capsular PS

(Table 1). The subtype dominating the response was IgG2. No

signi®cant increases were found in mean antibody avidities, which
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Table 1. Geometric mean concentrations (GMC), mean avidities (MAI), and geometric mean opsonophagocytic activities (GMOPA) of antibodies to

pneumococcal type 6B, 19F and 23F polysaccharides in pre- and post-vaccination sera of adults (n� 42) and in sera of infants (n� 16) obtained at 7, 15 and

16 months of age

Adults Infants

Pre Post 7 months 15 months 16 months

6B

GMC; IgG 1´35 (0´91±1´99) 9´93 (6´14±16´0) 1´72 (1´01±2´91) 0´60 (0´41±0´88) 17´4 (10´7±28´1)

GMC; IgG1 0´06 (0´04±0´08) 0´51 (0´27±0´94) 0´77 (0´37±1´58) 0´45 (0´31±0´65) 10´9 (6´46±18´5)

GMC; IgG2 1´18 (0´78±1´78) 6´78 (4´16±10´99) 0´13 (0´09±0´20) 0´13 (0´09±0´18) 2´13 (1´27±3´60)

MAI 53´4 (47´4±59´3) 60´3 (55´28±65´45) 37´6 (31´5±43´6) 55´1 (46´3±63´8) 61´9 (52´8±71´0)

GMOPA 13´9 (7´99±24´1) 461´8 (231´5±920´9) 37´2 (15´5±89´4) 6´20 (3´74±10´3) 892´4 (449´1±1773´1)

19F

GMC; IgG 1´59 (1´01±2´49) 16´9 (10´7±26´6) 9´09 (6´90±12´0) 1´62 (0´90±2´91) 27´7 (15´1±50´9)

GMC; IgG1 0´20 (0´14±0´27) 1´35 (0´80±2´28) 11´4 (8´24±15´8) 2´87 (1´87±4´39) 28´9 (16´4±50´9)

GMC; IgG2 2´52 (1´67±3´81) 13´3 (8´45±20´8) 0´68 (0´39±1´19) 0´32 (0´16±0´62) 4´82 (2´53±9´21)

MAI 65´6 (60´7±70´5) 61´3 (56´6±66´1) 65´7 (61´1±70´4) 76´5 (71´1±81´8) 76´7 (71´1±82´2)

GMOPA 9´00 (5´92±13´7) 173´4 (101´2±297´2) 117´4 (81´5±169´0) 11´8 (5´38±25´8) 346´1 (166´3±720´4)

23F

GMC; IgG 1´33 (0´87±2´03) 16´3 (9´12±29´0) 4´18 (3´07±5´69) 0´91 (0´55±1´53) 15´0 (9´09±24´6)

GMC; IgG1 0´06 (0´04±0´08) 0´74 (0´40±1´38) 1´75 (0´99±3´08) 0´37 (0´21±0´63) 4´85 (2´34±10´0)

GMC; IgG2 1´21 (0´76±1´93) 11´1 (6´19±20´0) 0´60 (0´40±0´89) 0´30 (0´17±0´54) 3´57 (2´08±6´12)

MAI 62´8 (57´3±68´3) 63´5 (58´0±69´0) 40´7 (33´4±48´0) 68´6 (62´2±75´1) 72´9 (64´5±81´3)

GMOPA 7´97 (5´22±12´2) 360´2 (180´7±718´0) 353´8 (220´6±567´5) 32´2 (12´5±83´2) 1623´5 (847´5±3110)

Fig. 1. Relationship between total IgG concentration and opsonophagocytic activity (OPA) in pre- and post-vaccination sera of adults (n� 42)

and in sera of infants (n� 16) taken at 7, 15 and 16 months of age. d, Day of sampling; m, month of sampling.



were already high in prevaccination sera of adults. In infants,

antibody levels and OPAs obeyed similar kinetics: a decrease

between 7 and 15 months and an increase after booster vaccination

(Table 1). IgG1 was the dominating subclass but most infants

started to produce IgG2 as well after booster vaccination. The

kinetics of antibody avidity was different from that of antibody

concentrations: the mean AI increased signi®cantly from 7 to

15 months and booster vaccination either increased it further or

caused no change, depending on the serotype and on vaccine given

as a booster [10]. For serotypes 6B and 23F, the avidity of

antibodies was lower in the 7-month sera of infants than in the

prevaccination sera of adults, even though infants had received

three doses of conjugate vaccine. However, by age and by

booster vaccination infants achieved or exceeded the adult level

of antibody avidity.

The total concentration of IgG antibodies to all serotypes

strongly correlated with the OPA in sera of both adults and infants

(Fig. 1). In adults, the correlation was better in post- than in

pre-vaccination sera. In infants, the correlation coef®cients were

high throughout and no differences between age groups were seen.

Instead, the sera of adults and infants differed in the IgG con-

centration required to produce detectable OPA of antibodies:

generally, there were more adult than infant sera with moderate

or high IgG concentrations but no opsonic activity (Fig. 1).

As total IgG, both IgG1 and IgG2 anti-Pnc PS concentrations

correlated signi®cantly with OPA in adults and in infants. Again,

the correlation in adults was better in post- than in pre-vaccination

sera and for IgG2 than for IgG1 (post: r� 0´63±0´80 for IgG1 and

r� 0´79±0´86 for IgG2; pre: r� 0´32±0´54 for IgG1 and r� 0´53±

0´59 for IgG2). By contrast, in infants IgG1 correlated better with

OPA than IgG2, with type 23F as an exception (6B and 19F:

r� 0´80±0´87 for IgG1 and r� 0´43±0´83 for IgG2; 23F:

r� 0´25±0´59 for IgG1 and r� 0´57±0´81 for IgG2). Both in

adults and in infants, the sum of IgG1 and IgG2 concentrations

correlated well with the total IgG concentration for all the

serotypes (adults: r� 0´78±0´99, P< 0´001; infants: r� 0´76±

0´98, P< 0´001), even if the sum of IgG1 and IgG2 geometric

mean concentration (GMC) did not add up exactly to the GMC of

total IgG (Table 1).

Although no direct correlation between relative avidity of

antibodies and opsonophagocytic activity was found, there was a

tendency to negative correlation between IgG concentration

required for 50% killing of bacteria and antibody avidity in infants

(Fig. 2). Furthermore, when infants were strati®ed into groups of

AI lower or higher than 60, the concentration needed for killing

was lower in the groups of high rather than low avidity (Table 2).

At 16 months, the difference was signi®cant for serotypes 6B and

23F. Nevertheless, for serum samples with comparable antibody

avidity, there was a wide range in the concentrations of antibodies

required for killing (Fig. 2). In adults, neither such a correlation nor

difference was seen for any serotype (Table 2).

When the contributions of total IgG level, IgG2/IgG1 ratio, and

relative antibody avidity on OPA were analysed by multiple

regression analysis, only IgG concentration was found to have a

signi®cant positive in¯uence on OPA for all serotypes in sera of

both adults and infants (regression coef®cient b� 0´65±1´59,

P< 0´01±0´001). The effect of IgG2/IgG1 ratio on OPA was

mostly negative but not signi®cant. Likewise, in this analysis no

signi®cant in¯uence of antibody avidity on OPA was found in

adults or in infants. The models ®t the data well (high coef®cient of

determination or r2 values: 0´65±0´88), except for the adults'

prevaccination models, for which the ®t was only good

(r2
� 0´5±0´55). Analysis of the residuals showed no evidence of

problems, instead a good ®t of the models was further emphasized.

Generally, in adults the regression coef®cients for IgG concentra-

tions increased after vaccination and ®t of the model improved. In

infants no signi®cant changes were seen in the regression coef®-

cients between the time points, but ®t of the model tended to

improve, except for 6B.

DISCUSSION

In both adults and infants, the most important factor contributing

positively to OPA was the total IgG concentration of speci®c

antibodies to 6B, 19F and 23F. Likewise, the concentration of IgG1

and IgG2 subclasses correlated signi®cantly with OPA. Similar

orders of correlation between OPA and levels of different antibody

isotypes to type 6B have been presented by Vidarsson et al. [7].

Moreover, we found that some adult sera with quite high concen-

trations of speci®c antibodies did not have detectable OPA. Most
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Fig. 2. Relationship between total IgG concentration required for killing of bacteria and antibody avidity in sera of infants obtained after

primary series of immunizations at 7 months of age and after booster vaccination at 16 months of age. Only sera with detectable

opsonophagocytic activity (OPA) were included in the comparison. m, Month of sampling.



of these OPA-negative sera were obtained before the vaccination

of the adults. No such discrepancies were seen with the sera of

infants. Thus, the difference between the sera may be due to the

polyreactive, unspeci®c antibodies with low functional activity

present in the prevaccination sera of adults but not in the sera of

infants [19±21], or alternatively, different dominance of IgG

subclasses between adults and infants. Namely, most antibodies

in infant sera were of IgG1 subclass, which is generally known

to serve as an opsonin and to activate classical pathway of

complement more ef®ciently than IgG2, the dominating subclass

in adults. The ®nding that the IgG2/IgG1 ratio usually had a

negative in¯uence on OPA may support the latter assumption.

However, this should be con®rmed by isolating IgG1 and IgG2

subclasses from the sera and by analysing the OPAs of the

fractions.

In agreement with previous studies, we found a good correla-

tion between the sum of IgG1 and IgG2 concentrations and the

total IgG concentration, even if the sum of IgG1 and IgG2 GMC

did not add up exactly to the GMC of total IgG [17,22]. The

inconsistency may be explained mostly by the methodological

differences in measuring the concentration of total IgG or IgG

subclasses. Other IgG subtypes besides IgG1 and IgG2 may have a

minor in¯uence on total IgG concentration [22].

Although no signi®cant contribution of antibody avidity was

found by multiple regression analysis, there was a tendency to

negative correlation in infants between concentration needed for

killing of bacteria and relative avidity. Probably due to the low

number of infants (n� 16), the correlation was not statistically

signi®cant. However, this suggests that less antibodies of high

avidity than of low avidity were needed for killing of bacteria.

Furthermore, for all serotypes, lower levels of antibodies with AI

> 60, compared with antibodies with AI < 60, were required for

killing. Similarly, Schlesinger et al. found a negative relationship

between antibody avidity and serum bactericidal concentration in a

study of infants immunized by Haemophilus in¯uenzae type b

(Hib) conjugate vaccines [23]. Surprisingly, no such tendency to

correlations, nor difference between classi®ed groups seen in

infants, were found for adults. This may be due to the fact that

antibody avidity was already rather high in adult sera before

vaccination and generally little variation in avidity was found

among adults. Therefore, avidity was probably not the limiting

factor contributing to OPA in adults.

To improve further the ®t of the models, especially of adults'

prevaccination models, other factors possibly in¯uencing OPA

should be included in the regression analysis. These additional

factors could be IgM antibodies to pneumococcal PS, polyreactive

antibodies, and antibodies to pneumococcal surface proteins.

Although antibodies of IgM isotype are not able to serve as

opsonins, they may enhance phagocytosis by activating classical

pathway of complement. Polyreactive antibodies and antibodies to

pneumococcal surface proteins may, in turn, have an in¯uence on

OPA because the sera of which OPA was analysed were not

puri®ed, but normal polyclonal sera of adults and infants, contain-

ing a wide variety of antibodies to different antigens. Thus, if there

were proteins breaking through the capsule in the surface of Pnc,

the above-mentioned antibodies may have had access to them. By

contrast, unexplained activity was unlikely to be due to the

antibodies to cell wall PS because neutralization of them had no

in¯uence on the OPA of the sera. Thus, the encapsulation of the

bacteria was probably thick enough to prevent access of the anti-

CPS to CPS. Besides, anti-CPS antibodies have been found to have

very little opsonic activity [24].

Altogether these results suggest that total IgG concentration is

by far the most important factor contributing OPA to Pnc in adults

and infants. However, there are other factors, such as relative

antibody avidity and isotype or subclass of the antibodies, which

seem to have some, though minor, in¯uence on the functional

activity. Probably the effect of these factors becomes especially

important at the low concentrations of the antibodies and in

subjects with an immature immune system. The in¯uence of all

these factors on the actual protection against pneumococcal

diseases will be evaluated in the ef®cacy trials of pneumococcal

conjugate vaccines.
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Table 2. Antibody concentrations needed for 50% killing of Streptococcus pneumoniae in post-vaccination sera of adults and in 7- and 16-month sera (m7

and m16) of infants strati®ed by low- or high-avidity antibodies (avidity index (AI)< 60 and AI> 60). Student's t-test was used to compare the strati®ed

groups with each other. At 7 months, none of the infants had anti-6B avidity higher than 60, therefore the group is missing from the Table

GMC (mg/ml) needed for 50% killing (95% CI)

Adults (post) Infants (m7) Infants (m16)

AI< 60 AI> 60 P # AI< 60 AI> 60 P # AI< 60 AI> 60 P #

6B 0´019 0´016 0´61 0´035 0´033 0´015 0´05

(0´013±0´026) (0´012±0´023) (0´021±0´058) (0´022±0´048) (0´008±0´022)

19F 0´085 0´090 0´82 0´100 0´067 0´13 0´091 0´066 0´26

(0´062±0´116) (0´061±0´131) (0´064±0´157) (0´054±0´087) (0´082±0´100) (0´055±0´081)

23F 0´040 0´036 0´41 0´013 0´006 0´14 0´026 0´006 0´01

(0´024±0´066) (0´025±0´041) (0´009±0´018) (0´004±0´010) (0´013±0´054) (0´004±0´009)
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